The cell wall is a strong, yet flexible, meshwork of peptidoglycan (PG) that gives a bacterium structural 18 integrity. To accommodate a growing cell, the wall is remodeled by both PG synthesis and degradation. 19 Vibrio cholerae encodes a group of three nearly identical zinc-dependent endopeptidases (EPs) that 20 hydrolyze PG to facilitate cell growth. Two of these (shyA and shyC) are housekeeping genes and form a 21 synthetic lethal pair, while the third (shyB) is not expressed under standard laboratory conditions. To 22 investigate the role of ShyB, we conducted a transposon screen to identify mutations that activate shyB 23 transcription. We found that shyB is induced as part of the Zur-mediated zinc starvation response, a 24 mode of regulation not previously reported for cell wall lytic enzymes. In vivo, ShyB alone was sufficient to sustain cell growth in low-zinc environments. In vitro, ShyB retained its D,D-endopeptidase 26 activity against purified sacculi in the presence of the metal chelator EDTA at a concentration that 27 inhibits ShyA and ShyC. This suggests that ShyB can substitute for the other EPs during zinc starvation, 28 a condition that pathogens encounter while infecting a human host. Our survey of transcriptomic data 29 from diverse bacteria identified other candidate Zur-regulated endopeptidases, suggesting that this 30 adaptation to zinc starvation is conserved in other Gram-negative bacteria. 31 32 Importance 33
Introduction 45
The cell wall provides a bacterium with structural integrity and serves as a protective layer 46 guarding against a wide range of environmental insults. Due to its importance for bacterial survival, the cell wall is a powerful and long-standing target for antibiotics (1). The wall is composed primarily of 48 peptidoglycan (PG), a polymer of β-(1,4) linked N-acetylglucosamine (NAG) and N-acetylmuramic acid 49 (NAM) sugar strands (2) (Fig. 1A) . NAM peptide side chains are cross-linked to peptides on adjacent Zur directly binds the shyB promoter. 136 Given Zur's well-defined role as a transcriptional regulator (26) and its requirement for P shyB repression 137 in zinc-rich media, we hypothesized that Zur directly binds the shyB promoter. To test this, we retrieved 138 a Zur box sequence logo built from 62 known regulatory targets in Vibrionaceae (30, 31) and aligned it 139 with the shyB promoter region. This alignment identified a highly conserved Zur box characterized by 140 an inverted, AT-rich repeat (Fig. 3A) . We used 5'-RACE to locate the shyB transcriptional start site (tss) 141 and found that the putative Zur box overlaps both the -10 region and tss. A bound Zur/Zn 2+ complex at 142 this position likely prevents RNA polymerase binding and thereby prevents transcription (32) . 143 To determine if Zur binds the shyB promoter in vitro, we incubated purified Zur with a labeled 144 DNA probe encoding the P shyB Zur box. Binding was assessed in the presence of ZnCl 2 using an 145 electrophoretic mobility shift assay (EMSA). As evident by a band shift, Zur formed a complex with the 146 P shyB DNA in vitro (Fig. 3B, Lanes 1-2) . To examine DNA binding specificity, a 100-fold molar excess 147 of unlabeled specific (S) or non-specific (NS) competitor DNA was included in the binding reaction.
148
The S competitor, which carries an identical sequence as the labeled probe, effectively sequestered Zur 149 and increased the amount of unbound, labeled probe (Lane 3). Meanwhile, the NS competitor was ineffective at binding Zur (Lane 4). These data indicate that the shyB promoter contains an authentic 151 Zur box and we conclude that shyB is a novel member of the Zur regulon.
153
ShyB supports growth in chelated medium. 154 As shyB is part of the Zur-mediated zinc starvation response, we hypothesized that ShyB endopeptidase 155 activity supports cell growth when zinc availability is low. To induce zinc starvation and robustly 156 derepress the Zur regulon, V. cholerae strains were grown in M9 minimal medium supplemented with 157 TPEN (N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine), an intracellular metal chelator with high 158 affinity for zinc (33). As expected from our genetic analysis, TPEN addition resulted in the production 159 of ShyB protein, which could be reversed by adding zinc (Fig. S3 ). 160 We first tested whether native shyB could restore ∆shyAC growth under zinc-starvation 161 conditions. shyA and shyC deletions were generated in a parent strain expressing an IPTG-inducible 162 copy of shyA (lacZ::P tac :shyA), as these genes are conditionally essential in rich media (12). In the 163 absence of IPTG, we found that chelation with either TPEN or EDTA (a more general divalent metal ion 164 chelator), induced growth of ∆shyAC, but not in the mutant that additionally lacked shyB ( Fig. 4A; Fig.   165 S4). As expected, chelation-dependent growth of ∆shyAC could be suppressed by adding zinc (Fig. 4B; 166 Fig. S4 ). These data suggest that induction of shyB alone is sufficient to sustain V. cholerae growth, and 167 synthetic lethality of shyA and shyC is due to the lack of shyB expression under laboratory growth 168 conditions. Consistent with this interpretation, we were able to generate a ∆shyAC knockout in a ∆zur 169 background ( Fig. S5) or in a strain exogenously overexpressing shyB (Fig. S6) . 170 A ΔshyB mutant alone did not exhibit a significant growth defect in M9 TPEN (Fig. 4C) ; 171 however, autolysins often need to be deleted in combination to elicit a substantial phenotype (11). We 172 therefore generated all possible combinations of LysM/M23 endopeptidase deletions to broadly dissect 173 the relevance of zinc concentrations for EP activity. Of these, the ∆shyAB double mutant failed to grow 174 in the presence of TPEN (Fig. 4C) . This indicates that ShyC, the only essential LysM/M23 EP in the ShyC ∆1-33 ) to increase stability in vitro. As a negative control, we purified ShyB with a mutation 189 (H370A) in the active site that is expected to abolish activity. EPs were incubated with purified sacculi 190 (see Methods for details) and the soluble PG fragments released by digestion were separated using high 191 pressure liquid chromatography (HPLC) and quantified by spectrophotometry. As predicted, all three 192 enzymes, but not the H370A mutant, hydrolyzed V. cholerae sacculi and generated soluble PG 193 fragments ( Fig. 5A; Fig. S7 ). Sacculi digestion with ShyA and ShyC resulted in a similar profile of PG 194 fragments, indicating similar hydrolytic activity in vitro. In contrast, the ShyB chromatogram showed 195 more peaks with shorter retention times. These observations suggest that ShyB further processes the 196 sacculi into smaller fragments. Consistent with this, ShyB was able to further process PG pre-digested 197 with ShyA or ShyC, while these EPs only slightly modified ShyB-digested PG (Fig. S8) . To determine 198 which muropeptides remain in the insoluble pellet after EP digestion, muramidase was used to digest the 199 PG sugar backbone (β 1à4 linkages). The resulting soluble products produced a single peak, corresponding to a M4 monomer. This indicates that all three LysM/M23 EPs exhibit D,D-201 endopeptidase activity in vitro (Fig. 5B) .
202
M23 domains require a coordinated zinc ion to carry out PG hydrolysis (23). However, based on 203 its regulation by Zur, we hypothesized that ShyB evolved to function in zinc-limited environments. To 204 test this, we repeated the in vitro PG hydrolysis assays under metal-limited conditions by using the 205 divalent cation chelator EDTA. Strikingly, ShyB retained its activity in the presence of EDTA (1 mM), 206 while ShyA and ShyC activity was completely abolished ( Fig. 5C-D) . This is consistent with results 207 previously obtained for ShyA (12). These data suggest that ShyB has a high affinity for, or can function 208 without, divalent cations like zinc. Zur-controlled EPs appear to be widespread in Vibrionaceae. Using BLAST homology searches, we 223 have identified isolates from 30 different non-cholera Vibrio species that contain a ShyB homolog with a 224 Zur box upstream of the gene encoding it (Table S1) (35). To assess the significance of zinc homeostasis for EP regulation more broadly, we surveyed published microarray and RNAseq datasets 226 from diverse bacteria for differential EP expression (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Yersinia pestis CO92, the causative agent of 227 plague, encodes a ShyB/MepM homolog (YPO2062) that is significantly up-regulated in a Δzur mutant 228 (36). YPO2062 does not contain its own Zur box, but is adjacent to znuA and may thus be co-transcribed 229 as part of the same operon (Fig. 7) . Similarly, mepM (b1856) is located adjacent to the znu operon in 
237
A1S_3329 is up-regulated and A1S_0820 is down-regulated compared to a wild-type strain (37), 238 suggesting that these EPs are also under zinc starvation control. Collectively, these data suggest that zinc 239 homeostasis and cell wall turnover are linked in a wide array of Gram-negative bacteria. enzymes that are conditionally essential for growth, while the third (ShyB) is not expressed under standard laboratory conditions (12). In this study, we define shyB as a new member of the Zur regulon 251 and demonstrate that ShyB can replace the other EPs in vivo when zinc concentrations are limiting. This 252 is a novel mechanism for regulating autolysins and establishes a link between two essential processes: 253 cell wall turnover and metal ion homeostasis.
255
Zinc availability affects the expression and activity of cell wall hydrolases. 256 Zur represses shyB transcription in zinc-rich growth conditions. This is consistent with our initial 257 observation that the shyB promoter is active on M9 and repressed on LB agar. These respective media 258 differ markedly in terms of zinc content; M9 contains no added zinc while LB naturally contains high 259 levels of zinc ions (~12.2 µM) (48). We found that adding zinc (10 µM) to M9 represses the shyB 260 promoter and hence the zinc starvation response. As a cautionary note, this suggests that V. cholerae is 261 starved for zinc in M9, a complication not usually considered when interpreting results obtained in this 262 medium.
263
Based on its membership in the Zur regulon, it is likely that ShyB evolved to function in low-264 zinc environments. Indeed, ShyB endopeptidase activity is resistant to high EDTA concentrations in 265 vitro. In an apparent contradiction, the ShyB crystal structure models a zinc ion in the active site (49). It 266 is possible that ShyB has a higher affinity for zinc than the other EPs, but we cannot yet exclude the 
273
Since ShyA functions in chelated medium, we tentatively hypothesize that shyB is derepressed to 274 compensate for a loss of ShyC activity. This model is supported by localization data and ShyC's sensitivity to chelating conditions, both in vivo and in vitro, that induce shyB expression. We did not Transposon mutagenesis and arbitrary PCR. 346 The shyB transcriptional reporter was mutagenized with Himar1 mariner transposons, which were 347 delivered via conjugation by an SM10 λpir donor strain carrying pSC189 (62). The recipient and donor 348 were grown overnight in LB/streptomycin and LB/ampicillin, respectively. Stationary phase cells were 349 pelleted by centrifugation (6,500 rpm for 3 min) and washed with fresh LB to remove antibiotics. Equal ratios of donor and recipient (500 µL:500 µL) were mixed and spotted onto 0.45 µm filter disks adhered 351 to pre-warmed LB plates. After a 4-hour incubation at 37 o C, cells were harvested by aseptically 352 transferring the filter disks into conical tubes and vortexing in fresh LB. The cells were spread onto LB 353 agar containing streptomycin to kill the donor strain, kanamycin to select for transposon mutants, and X- Table S2 . Summary of oligonucleotides used in this study.
